While vitamin E has been used for decades in cattle diets, the principle form used traditionally is the synthetic α-isoform acetate or succinate and largely no data exist on the biological partitioning or functionality of the major naturally occurring γ-and δ-isoforms in cattle. Using tyrosine 3'-nitrated protein (pNT) as a biomarker of nitrosative cell stress, we sought to evaluate the effectiveness of shortterm feeding supplementation of high content natural α-tocopherol (α-T, 96% α-isomer) compared to high content γ-and δ-enriched low α-content mixed tocopherol oils (γ -T, ~70 % γ-, 20 % δ-, <5% α-isoform) to mitigate systemic and hepatic aspects of the proinflammatory response to endotoxin (LPS). Calves fed diets supplemented with α-T, γ -T for five days or no tocopherol supplement (T0E) were challenged with a low-level of LPS (0.25 g/kg, iv, E. coli 055:B5) sufficient to effect a liver nitration response. As fed, α-T or γ-T increased plasma and liver content of the respective tocopherols reflecting their relative abundance in the respective diets. Plasma or tissue mediators and biomarkers of the proinflammatory response [plasma concentrations of tumor necrosis factor-α (TNF-α, P<0.001), nitrate+nitrite (NOx, , P<0.01), and serum amyloid A (SAA, P<0.001)], and general liver content of pNT (P<0.005) increased after LPS. LPS-mediated increases in TNF-α were not different between diet treatments; both plasma NOx (P<0.05) and generalized liver pNT (P<0.03) responses were attenuated significantly in α-T and γ-T versus T0E calves. Plasma SAA was significantly decreased in γ-T calves at 24 h post-LPS relative to responses in α-T or T0E calves. The nitration of the mitochondrial proteins 24 h post-LPS was not only attenuated in α-T and γ-T vs T0E, but also the mitigating effect of γ-T on these specific nitration events was greater than that of α-T (P<0.01). Results are consistent with the concept that short-term α-T or γ-T supplementation can effectively decrease proinflammatory liver pNT after LPS; some mitochondrial nitration targets may be better protected with prophylactic supplementation with γ-,δ-tocopherol enriched oil.
Introduction
The liver plays an unquestionably critical role in maintaining metabolic and homeostatic balance during states of good health and in restoring this balance during bouts of disease. Contributing to both hepatic and a systemic progression of disease, subtoxic stresses in the liver [such as those associated with situational induction of TNF-α, arachidonic acid mediators, superoxide anion, (O2 -•), or H2O2 production] can slant the hepatic cellular response to stress towards aberrant function with progressive consequences unless converging pathways are interrupted. 1, 2 Across the spectrum of possible hepatocellular responses to proinflammatory stress, two areas of perturbed function are energy/ATP production and energy partitioning as reflected, for example, in the ATP-to-AMP ratio, and AMP-kinase activity 3, 4 and signal transduction efficiency in hormone-driven metabolic pathways. 5, 6 However, energy production and mitochondrial function are intrinsically linked to nutrient availability and the hierarchy of partitioning among and between tissues as dictated by health status and effected through alterations in hormone and cytokine signaling. [7] [8] [9] [10] As such, small perturbations in the integrity of mitochondrial lipid membranes and associated protein function (i.e., proton pumps, electron transport chain Complexes I-IV, Complex V, etc.) result in decreased efficiency of electron shuttling down the electron transport chain and impaired ATP formation in association with compromised Complex-V: F1F0-ATP-synthase activity. [10] [11] [12] [13] When this occurs, concomitant increases in O2 • -and nitric oxide (NO) generation frequently are observed, 11, 13 along with increased likelihood of peroxynitrite (ONOO -) formation and the generation of tyrosine nitrated proteins, 14 with evidence of this occurring in the mitochondria independent of arginine-dependent pathways. 15 Close associations exist between proinflammatory mediators of the innate immune response (NO and O 2 • -and reactive oxynitrogen compounds derived from them like ONOO -), the nitration of select tyrosine residues of proteins, and cellular pathology in several organs. [16] [17] [18] Tyrosine nitration has been linked to altered protein function (mostly decreased but occasionally increased activity) 19 and specific manifestations of disease 17, 18 including LPS-mediated proinflammatory syndrome 6, 20 and distinct perturbations in mitochondria. 14, 15 Our laboratory described previously several perturbations in liver function that were strongly associated with a proinflammatory induction of generalized as well as specific signal transduction-related protein tyrosine nitration responses in calf liver. 6, 19, 21 In light of our results and the biological impact of ONOOreported by others, we considered the potential to modulate the reactivity of ONOO -an achievable goal in the attempt to mitigate some of the possible negative attributes of nitrooxidative stress arising from both mitochondrial and cytosolic perturbations. Key to resolving this is targeting for remediation those impact points that have the greatest benefit with the least collateral impact on the nitric oxide and superoxide anion generating pathways. Herein we describe the capacity for short-term feeding of dietary formulations of tocopherols differing in isoform content to affect the generation of nitrated proteins in the liver as effected by administering LPS in a large animal (calf) model of proinflammatory response known to promote nitrotyrosine formation. 6, 20 
Materials and Methods

Vitamin E formulations
Vitamin E preparations were natural products derived and concentrated from soy bean oil, analyzed by and kindly provided by Archer Daniel Midland (ADM, Decatur, IL, USA). The Vitamin E product used as a high content α-tocopherol isoform was Novatol 1490™ Vitamin E oil containing RRR-α-tocopherol (960 mg/g).
The vitamin E product used as a high-content γ-δ-tocopherol oil with low α-tocopherol level was Decanox MTS-90G™ Mixed Tocopherols containing γ-tocopherol (600 mg/g), δ-tocopherol (175 mg/g), β-tocopherol (~20 mg/g) and α-tocopherol (~68 mg/g).
Animals and proinflammatory challenge protocols
All protocols and procedures involving animals were preapproved by the USDA Beltsville Area Animal Care and Use Committee (Protocol #ACUC 08-008). Angus x Hereford male calves were bred and born at the USDA Beltsville Beef Cattle Research Unit. At the time of study, calves (n=21; mean body weight: 211±6 kg) were group penned and group fed in equal numbers across three test diet assignments. The base diet was a total mixed cattle ration formulated from aged corn and grass silages with added cracked corn, soy bean meal and dicalcium phosphate, molasses, vitamin A, vitamin D, and a commercial mineral mix. By analysis, the diet provided 49.8% dry matter (DM) and 13.4% available crude protein/kg DM with a calculated metabolizable energy (ME) of 1.96 Mcal/kg DM. 22 Daily the group feed bunk was cleaned and replenished with 170 kg (as fed) base diet. Dietary treatments were designated as control (T0E, base diet with corn meal carrier), α-tocopherol supplemented (α-T, base diet with Novatol™ 1490), or γ-, δ-enriched tocopherol supplemented (γ-T, base diet with Decanox™ MTS-90 G). In this feeding supplementation trial, the calculated total average daily tocopherol intake/calf (assumed equal intake) of Novatol™ was 1250 mg/calf and for Decanox™ 3850 mg/calf. To provide this, the required total amount of each tocopherol oil was added to a set amount of carrier (5 kg corn meal) and mixed 10 minutes to homogeneity in a vertical mixer (Hobart Corporation, Troy, OH, USA). Carrier corn meal and tocopherol-supplemented corn meal mixes were applied uniformly on top of the total measured day's fresh feed and fed daily for five days. The proportionately larger amount of Decanox™ fed was estimated to compensate in part for the assumed faster turnover of γ-and δ-tocopherols (compared to α-tocopherol) [23] [24] [25] where no comparative data exist in the literature on the liver content, turnover or plasma concentrations and half-life of these tocopherol formulations as fed to bovine species. Control calves received only an equivalent amount of the corn meal carrier as added to the feed bunk daily.
In order to minimize potential sources of variability documented to occur in response to LPS challenge, 6 animals for the trials were chosen from the herd based on age, level of feed intake, uniformity of growth, health, and temperament. One month prior to use in the LPS challenge protocol, each animal was treated with a broad spectrum antibiotic (florfenicol, Nuflor™, Schering-Plough Animal Health, Summit, NJ, USA), vaccinated for respiratory and gastrointestinal viruses and given treatment for endo-and exoparasites (Ivomec®, Merial Corp., Duluth, Ga). After 4 d of supplement feeding and in preparation for the immune challenge, an indwelling 14 ga. Teflon® cannula (Abbocath, Abbot Lab., No. Chicago, IL, USA; 0.5 mL void volume) was introduced into the jugular vein of each calf with aseptic technique. The patency of the cannula was maintained by periodically flushing with 0.4 mL sterile saline containing 20 units/mL lithium heparin. Following the fifth morning of diet treatment feeding, calves were challenged one time with LPS (0.25 g/kg BW; E. coli 055:B5, Sigma, St. Louis, MO, USA; i.v. bolus via jugular catheters) as previously described in our laboratory 20, 21 and jugular blood samples (EDTA or lithium heparin anticoagulant for plasma) collected at -24, 0, 1.5, 7, and 24 h relative to LPS injection. Liver samples were obtained by intercostal transcutaneous biopsy (3 samples, ~25 mg each as specified by animal care protocol) using a 1 mm diameter surgical trochar (Pharmaseal Truecut; Allegiance Healthcare Corp., McGraw Pk., IL, USA) at 24 h before (-24 h) and 24 h after (+24 h) LPS injection as previously described. 20, 21 Plasma samples were stored at -25°C pending analysis; liver samples were either snap frozen in liquid nitrogen and stored at -85°C or fixed in 4% paraformaldehyde, transferred to 70% ethanol for subsequent paraffin-embedding and sectioning for immunohistochemistry.
Plasma and tissue tocopherol content and stress biomarkers In order to assure that feeding the different tocopherol oil matrices effectively changed plasma and liver content of tocopherols, α-and γ-tocopherol was extracted from plasma and liver and analyzed by HPLC as previously described and validated. 26 Plasma concentrations of TNF-α (radioimmunoassay), nitrite + nitrate (enzyme assay, NOx, expression of nitric oxide response), acute phase response protein (ELISA; serum amyloid A, SAA) were measured in our laboratory as previously described. [27] [28] [29] 
Immunohistochemistry
We assessed and quantified the impact of LPS-mediated proinflammatory stress on the liver in terms of the cellular content (pixel density) of total generalized nitrated protein as well as the specific nitration of mitochondrial proteins in biopsy specimens (-24 and +24 h relative to the administration of LPS challenge) by quantitative immunohistochemistry. The protocols for this were previously validated in our laboratory. 20, 21 In order to increase the uniformity of the respective immunostaining procedures, each paraffin block contained biopsy samples representing one full replicate of dietary and LPS treatment and, in addition, each slide contained one piece of one biopsy core as a positive control from an animal known to have mounted, in a previous study, an intense nitration response to LPS challenge. 21 Each slide-mounted tissue section was deparaffinized with toluene, transferred to ethyl alcohol washes, treated with 0.3% H2O2 in methanol to mitigate pseudoperoxidase activity, and hydrated through decreasing concentration of ethanol to water. Antigen retrieval was accomplished with a standard hot citrate protocol with further permeabilizing treatment for 10 minutes with 0.1% Triton X-100. Nonspecific binding was blocked by preincubation in 3% normal serum for the secondary antibody species in TRIS-saline containing 0.1% casein. Nitrated proteins were identified using rabbit anti-nitrotyrosine serum (1:5000; kindly provided by Dr. J. Rodrigo, Institudo de Cajal, Madrid, Spain) with visualization of the antigen signal accomplished with a commercial horseradish peroxidase and diaminobenzidine (DAB) kit (Vecta-Stain Elite®, Vector Laboratories, Burlingame, Ca). In order to increase uniformity across specimen slides, immunostaining protocols were conducted in dip tanks wherever possible (all preparative steps through blocking and antigen retrieval, all washing, and reaction with diaminobenzidine, DAB) and in other instances reagents were prepared in bulk and rapidly applied to individual slides when steps required a flat horizontal reagent application in a humidified Article N o n -c o m m e r c i a l u s e o n l y incubation chamber. After resolution of nitrotyrosine antigen signal, nuclei were counterstained with Carrazzi's hematoxylin (1 minute), washed with tap water, dehydrated through absolute ethanol to toluene and cover slips added.
Proximity ligation assay for mitochondria-specific nitration
The specific nitration of mitochondrial proteins was evaluated and quantified using a proximity ligation assay protocol (Duolink® PLA, Olink Biosciences, Uppsala, Sweden). In this assay, two different antigens (in this case a mitochondrial protein epitope and the nitrotyrosine epitope) present at a distance of 40 nm or less permit the colocalized generation of an event signal that can be quantified by image analysis with regard to number of events, size of the complex events and intensity of events. 30 Using the same tissue specimens described above, nitrated mitochondrial protein generation was detected using rabbit polyclonal antinitrotyrosine (1:7000) in conjunction with mouse monoclonal anti-bovine Complex V α-subunit (0.75 g/mL; Mitosciences Inc., Eugene, OR, USA). Even though the mitochondrial epitope antibody was directed to the Complex V, any presence of nitrotyrosine within the 40 nm locale could constitute a mitochondrial nitration even if it was associated with a different mitochondrial protein as nitrations are known to occur in mitochondria. 31 The amplification product generated by the rolling PCR was optimized (signal: noise) with a two hour incubation at 38°C in a humidity chamber. Following the amplification and linking procedures, the nucleotide-conjugated horseradish peroxidase reporter was hybridized to the rolling PCR product and reacted with Nova-Red™ to reveal the localization of the nitrated mitochondrial proteins. Nuclei were counterstained using Carrazzi's hematoxylin.
Quantitative image analysis
General process
For both general nitrotyrosine immunohistochemistry, quantification of signal events was accomplished using customized protocol applications similar to those described previously for Image-Pro® Image Analysis Software (Media Cybernetics, Rockville, MD). 20, 21 Eight digital images (4080×3072 resolution) were captured (Olympus BX-40 microscope equipped with an Olympus DP-70 CCD camera) spanning the length of each biopsy core. The method used to quantify the extent of generalized protein tyrosine nitration was based on the processing algorithm (Image-Pro® software; color cube-based segmentation selection) representing the nitration response as a function of a conservative pixel identification rubric aimed at minimizing false positive signals by thresholding positive NT presence (reddish brown spectrum) through prefiltering with 8-connect and smoothing options enabled. 21 Similarly, a spectrum representative of hematoxylin (blue) uptake into the nucleus was established and gated with size and morphological (close plus erode) filtering and watershed splitting of spatially close structures for cell counting and normalization of the nitration response data (pixels/cell) across the specimen fields of image capture.
Quantifying and characterizing proximity ligation assay-detected nitration events
Proximity ligation assay-detected proteinspecific nitration events were quantified in terms of the absolute number of Complex V alpha-subunit nitration events as well as the relationship between the intensity (pixel area) of the nitration events and the frequency at which the intensity of a particular size occurred. Nonspecific reactivities (lower limit pixel threshold acceptance) were controlled and eliminated from final statistical calculations by using negative control slides of liver biopsy tissue from healthy cattle as well as positive control tissue from LPS-challenged animals processed either without primary antibodies or the PLA rolling PCR reagents. From these slides any nonspecific spectral hues or pixel clusters below threshold generated from the detection substrate (Nova Red™ precipitation via horseradish peroxidase) were identified and deleted from the applied segmentation/quantification algorithm. For mathematically characterizing the relationship between the intensity of a nitration response and the frequency of that occurrence, the spectrum of acquired pixel areas for a given image were stratified into blocks of 50 pixels (50 to 99, 100 to 149, etc.) and the summed number of occurrences of an event within a given stratification used as the variable called frequency. Fifty pixels was set as the lowest area unit statistically associated with a valid subunit nitration response significantly above background and random noise as established on the image validation slides of tissues previously described. The resulting curvilinear plot of the pixel data (X-axis = frequency; Y-axis = intensity) for each animal was further analyzed by mathematical processing of the generated curve into two optimized linear segments analogous to the graphical analysis curve peeling process used to describe data from a two-compartment pool model. 32, 33 With this approach we created variable termed break point (BP) which corresponded to the point of intersection of the two regressed linear components of the curves. The derived BP reflects the point on the Y-axis (nitration event area) where high frequency and low intensity nitrations transition into the second component as high intensity (large area) and low frequency pixel areas.
Statistical analysis
Data were statistically analyzed by analysis of variance using mixed model regression (Proc Mixed; SAS). 34 In the statistical model, diet supplement, LPS, and time were set as the main effects with an animal within diet as the error term; differences between individual dietary supplement treatments were further differentiated using specific contrast statements. In the final statistical analysis 4 animals of the starting 21 were eliminated from consideration. One T0E animal was eliminated because of failure to mount any plasma TNF-α response to the injected LPS. Two animals were eliminated from the α-T group; one animal died prior to the 24 h post LPS sampling because of apparent congenital pericardial tamponade defect discovered upon necropsy and another eliminated because of behavioral aggressiveness and hyper-reactivity to human handling. One animal was eliminated from the γ-T group because of fever on the morning of sampling prior to LPS challenge, elevated clinical serological enzymes. This animal was subsequently diagnosed with a mild bacterial pneumonia.
Results
With ad libitum feeding for the one-month period immediately prior to the study, each calf averaged 1.28±0.2 kg live body weight gain/day with an estimated average daily consumption of 13.6 kg of dry matter diet. During the period when tocopherol supplementation was provided, daily feed allotment per animal was provided at a calculated 90% ad libitum intake to ensure complete ingestion of feed offered. The applied dietary supplementation treatments were effective in increasing the tissue and jugular plasma content of the respective predominant tocopherol isoforms. Plasma content and liver distribution patterns of the α-and γ-tocopherol isoforms are presented and summarized in Figures 1 and 2 , respectively. Prior to tocopherol supplementation mean plasma concentrations of α-and γ-tocopherol were 4.78 and 0.18 nmol/g plasma, respectively, with no significant differences between experimental groups (Figure 1 ). For samples obtained on day 5 of feeding at time 0 relative to LPS challenge, mean plasma α-tocopherol concentration increased 116% in α-T (P<0.01 v T0E and γ-T) and 28% (NS v T0E) in γ-T. Plasma content of α-tocopherol declined significantly by 24 h post LPS in T0E and α-T (P<0.05). The plasma content of γ-tocopherol was not affected by the increased intake of the α-tocopherol in α-T at any sample time. mean γ-tocopherol in plasma 12.5 fold (1100%) higher than that of T0E and α-T (P<0.005). The plasma content of α-tocopherol was not affected by the increased intake of the non-α-isoforms of tocopherols in γ-T. Mean concentrations of γ-tocopherol in plasma were not changed after LPS in either T0E or α-T groups; mean concentrations of γ-tocopherol declined (P<0.05) on average 29% in γ-T after LPS (P<0.05).
Feeding a diet enriched in high content α-tocopherol resulted in a mean liver content triple that measured in calves fed the control diet and without any effect of the γ-tocopherol content of those livers (Figure 2) . Conversely, the group fed the γ-enriched diets had a mean γ-tocopherol content 5.4 times that of non-supplemented animals. Interestingly, as can be seen in the top panel of Figure 2 , consumption of a diet supplemented with the formulation of γ-tocopherol (~5% α-tocopherol content as supplied Decanox MTS-90G™ preparation) resulted in a doubling of the α-tocopherol content of these livers, an increase largely disproportionate to the amount fed. The reasons for this are largely speculative and beyond the present scope of this report. Liver levels of both α-and γ-tocopherol measured in samples collected 24 h after LPS were not different, respectively, from those measured prior to LPS.
Plasma concentration of TNF-α, a principle biomarker for cytokine initiation of the proinflammatory cascade after LPS challenge, increased in all steers following LPS administration (P<0.001, Figure 3 ). Plasma TNF-α were not affected by diet treatment at 0, 1.5 or 7 h post-LPS as reflected in either the absolute concentrations or the calculated area under the time x concentration response curves (AUC). There was a tendency for the peak (at 1.5 h) TNF-α concentrations in γ-T steers to be lower than those measured in the steers of the other diet treatment groups, but the difference (-12%) was not statistically significant (P<0.07).
The progression of the inflammatory response beyond the initiating proinflammatory cytokine response can be followed by measuring plasma concentration changes in NOx, the oxidation metabolites of NO, as a biomarker for the activation of the NO cascade. These data furnished an interesting view of how animals responded to immune challenge not only as effected by LPS initiation of the proinflammatory cascade, but also as further influenced by the basic response of the animals to the handling, cannulation, and biopsy procedure performed one day prior to the application of the intended LPS challenge. As shown in Figure 4 , plasma NOx concentrations were relatively low in baseline plasma samples obtained immediately prior to the preliminary liver pre-LPS biopsy sampling (-24 h). Plasma concentrations of NOx averaged 3.4 μmol/L across the diet treatment groups (NS diet effect). Plasma NOx concentrations increased 7-fold across diet treatment groups 24 h after preliminary liver biopsy. However, these increases were not accompanied by any clinical signs of illness as measured by rectal temperature or clinical serology. Interestingly, these measured increases in the baseline NOx concentrations at the start of LPS challenge were significantly higher in the T0E compared with either α-T or γ-T animals (P<0.01) sug- gesting an effect of these tocopherol treatments to mitigate some of the stress associated with the preliminary sampling procedures. Following administration of LPS, plasma NOx concentrations increased in all animals irrespective of diet group. The increases in plasma NOx in response to LPS were significantly lower at the 7-h sampling in both the tocopherol supplementation groups compared to the control diet group (P<0.05) and not significantly different from the concentrations at time 0. The increase in NOx averaged 21 μmol/L compared to 12.5 μmol/L in either of the tocopherol diet groups (P<0.02). The response waned over the course of the next 17 h.
Article
In the present study, the patterns of change in plasma SAA were reflective of the pattern of stress response events observed in the plasma NOx responses to cannulation, biopsy, and LPS challenge. Similar to plasma NOx, plasma SAA ( Figure 5 ) concentrations increased significantly (~3-fold, P<0.02) 24 h after cannulation and preliminary liver biopsy. Following LPS administration at time 0, plasma SAA increased another 4-fold (P<0.001) across treatments but irrespective of diet. At 24 h post LPS, concentrations of SAA were higher (P<0.04) than those measured in 7-h post LPS samples in T0E and α-T. Plasma SAA concentrations from γ-T at 24 h post-LPS were not different from those measured in their respective 7-h samples and were significantly lower at that 24 h point than the circulating concentrations measured in samples from T0E and α-T.
The impact of LPS challenge and modulating influence of tocopherol diet supplementation on the development of nitrosative stress in the liver is illustrated in Figure 6 where quantitative imunohistochemical determination of the nitrotyrosine content of liver cells is presented. In Figure 6 , images under Panels A illustrate the actual immunohistochemical localization of pNT (brown coloration) while images under Panel B highlight the identification of these specific immunolocalized pixels by the image analysis process employed (red pixel coloration), respectively. LPS challenge of control diet calves increased liver pNT on average 5-fold as estimated by nitrotyrosine pixel density per cell nucleus counted (Panel C, P<0.002). The liver nitration response in tissue from both tocopherol diet groups was significantly attenuated in comparison to that measured in the control diet group and the response did not differ statistically between α-T and γ-T.
The impact of proinflammatory challenge and dietary tocopherol treatment on the relative abundance of mitochondrial ATP-synthase was evaluated using antibodies against the α- tude of the increase was calculated as the difference (by calf within group) between its pixel intensity before versus after LPS, the incremental effects in the γ-T diet group (1.8 fold increase) was significantly lower (P<0.03 v T0E; P<0.04 v α-T) than those calculated for T0E and α-T (3.9-fold and 3.3-fold for T0E and α-T, respectively).
Mitochondria are capable of generating high levels of NO and superoxide anion in a confined space (inner compartment) in response to proinflammatory challenge and therefore potentially can generate high impact nitrations locally. To assess this potential for nitration, we evaluated the capacity for specific nitrations to occur in or in close proximity to affected mitochondria. To approximate this, we employed a novel assay, a proximity ligation assay, to detect the occurrence of nitration events in mitochondria by linking this protein to localized nitrated tyrosines and visualized as high intensity loci of varying size density. Figure 8 illustrates the generated signals specifying mitochondrial nitration as a function of the α-subunit in mitochondrial F1F0 ATP-synthase. As can be observed, both the quantity of nitration events (red pixel dots) and the size density (pixel area) of the events was affected by both LPS administration and further modified by diet. In Panel A, tissue obtained from a herd animal sufficiently ill as to warrant veterinary euthanasia (positive control unrelated to present study animals) presented an image of intense nitration of the F1F0 ATP-synthase Complex V domain. In this rather extreme situation, the number of nitration events as well as the mean size of individual events are large compared to those that evolved from LPS challenge. However, a comparatively mild challenge with LPS also presented a picture of increased nitration of mitochondrial proteins, as compared to the Pre-LPS challenge samples. The enlarged area of interest (AOI) is a representative image from a control diet animal following challenge with LPS emphasizing the range in size and density of the resolved colocalized signals. As seen in Panel G, supplementing calves with tocopherol-enriched diets decreased the mean number of nitration events, regardless of pixel area size, occurring in this mitochondrial target epitope relative to those quantified in tissues from the control diet group (P<0.05). We observed that the size and intensity of the resolved epitope nitration events in this protein appeared to vary between samples from the various treatment groups. Because the image analysis process was capable of capturing event data in terms of event size (pixel area), we decided to subject this data to mathematical frequency analysis to determine if the nature of the responses could be stratified by the number of events that occurred for a particular size range of events. Preliminary evaluation of the data indicated that the data were best fit to nonlinear models principally of either exponential or logarithmic trend (R 2 >0.90). These curve forms then could be assessed using curve pealing to generate the two best-fit linear segments defining each animal's frequency curve and further generate the point at which the two lines intersected, a value we termed the break point. Indicative of the intensity of the nitration response, this break point signified the transition or inflection point at which the data transformed from high frequency-low area events to lower frequency-higher area events (more intense). When these data are plotted (Panel H), it is clearly evident that tocopherol treatment decreases the number of high intensity nitration events in this target protein and it is further more apparent, as indicated by the mean break point value, that the supplementation of a diet with an oil rich in γ-and δ-tocopherol is highly effective in minimizing the generation of high intensity nitrations in mitochondria. Derived mean breakpoint values were 252±78, 684±55, 591±47, and 312±86 for control T0E, LPS-T0E, LPS-α-T, and LPS-γ-T, respectively. Statistically, the mean break point value for high intensity responses within the control diet was 270% greater in LPS-treated animals than non-LPS animals (P<0.01). Across LPStreated diet groups, the mean breakpoint value for α-T was 9% (NS) and for γ-T 46% (P<0.01) lower than that calculated for T0E. Regression curve fitting indicated that the logarithmic pattern was best-fit to the data from control T0E, (R 2 =0.946) while exponential curves were best fit to all data from LPS-challenged animals (R 2 =0.955).
Discussion
The focus of the present work was directed towards assessing whether a short-term dietary administration of either natural α-tocopherol or mixed natural tocopherols high in γ-and δ-isoforms would reduce the amount of protein tyrosine nitration generated during a low-level induction of endogenous proinflammatory mediators elicited with bacterial LPS. The calf was used as an animal model because of its greater sensitivity to LPS than rodent models and because many of the responses are similar to those observed in human low-level endotoxicosis, 6, 28 and in particular, because of the paucity of data in cattle describing tissue and plasma content of non-α-isoforms in states of health or proinflammatory stress. The dose of LPS chosen here is consistent with the dose used many times previously in our laboratory, a dose that results in short-term febrile response and fever, minor depression in feed intake, increased generation of liver nitrated proteins and followed by recovery. We chose to investigate this phenomenon using tools associated with validated procedures for quantitative immunohistochemistry and proximity ligation assay for nitrated proteins because not all cells in a given tissue respond equally to given proinflammatory challenges and the differences could be characterized by cell type within tissue architecture. 35, 36 Finally, we used this particular model and target tissue because of its capacity to a) address the need to mitigate the impact of disease stress on animals and humans, b) suggest cost-effective alternatives and adjuncts as a therapy largely without conventional drug residue issues, c) provides through feeding a practical and noninvasive route of administration, d) ensures distribution to the liver via the portal route from the digestive track and e) exploits the value of tyrosine nitration as a biomarker of nitrooxidative stress that has been well characterized in our laboratory in similar proinflammatory models of disease. 6, 20, 21, [27] [28] [29] There are two critical levels at which modulation of nitration can be effected: first, via altered generation of the ONOO -forming reactants NO and/or O2• -and second, decreasing the probability of interaction of ONOO-with impact targets such as tyrosine residues. Data suggest that inhibition of NO and/or O2• -is equivocal and problematic in regard to morbidity and mortality of clinical outcomes. 37, 38 Functional approaches to divert ONOO-reactivity by delivering alternative targets to cells in vivo are just beginning to be tested. The benefit of this approach is that the reactive compound itself is targeted in cases of overproduction with fewer counterproductive impacts of collateral perturbation to signal transduction, vasoregulatory, or antimicrobial actions of NO and O2• -. With regard to general nitration patterns and the regional distribution of Complex V ATP-synthase, it was apparent that within different areas of the liver (pericentral venous, periportal triad, sinusoidal, etc.) there was more than a casual association between the levels of Complex V ATP-synthase. In fact, the density of cellular nitration mirrored the density of mitochondria suggesting that metabolically active liver regions are predisposed to a greater tyrosine nitration response during proinflammatory stress. Immunostaining patterns could be differentiated into areas of minimal to no immunostaining, areas of low to moderate staining progressing to areas of high-density immunostaining. This concept was further underscored where the signals generated to mark mitochondrial protein nitration as detected by proximity ligation assay were clustered and more evident in tissue regions containing the metabolically more active substructures.
Article
The α-isoform of tocopherols is considered the most biologically relevant, specified in terms of recommendation for daily allowances, [23] [24] [25] 39, 40 and, for the most part, principally studied. Increasingly, however, it is recognized that the different tocopherol isoforms have biochemical impacts beyond antioxidant status, 41, 42 many of which even can be further traced to impacts on gene expression either directly, 43 or via ONOO -modification of regulatory elements. 37 As such, if ONOO -mediated alterations in biochemical processes are to be considered as contributing to a perturbation in a cellular function, then the tocopherol adsorption of this deleterious reactive oxynitrogen adduct can be considered productive towards reinstatement of homeostatic equilibrium. Though the γ-and δ-isoforms are weaker antioxidants than α-tocopherol, they are capable of reacting with ONOO -forming nitration products at the nonmethylated sites of the tocopherol ring structure with the potential to ameliorate ONOOreactivity towards other molecular targets such as the phenolic group on tyrosine and these interactions are capable of taking place in vivo under situations of naturally-occurring proinflammatory metabolic disease. [44] [45] [46] [47] Data suggest that the reactions of the different tocopherol isoforms with nitrating compounds is relatively complex and made further intricate in regard to the simultaneous presence and interaction between the α-and γ-isoforms. Steven et al. 48 suggested that α-tocopherol alone was sufficient to remove ONOO -derived nitrating reactants from a biological matrix (liposomes) where their data indicated that the presence of α-tocopherol attenuated the formation of both nitrated γ-tocopherol and the formation of nitrotyrosine. In addition, they noted that the presence of α-tocopherol tended to inhibit or at least delay the nitration of γ-tocopherol by ONOO -until available α-tocopherol was depleted. Because this information was derived from artificial vesicles and in vitro incubations, we are conscious of the concern that the final conclusion regarding this effect occurring in vivo may necessitate modification according to how the tocopherols partition within different subcellular compartments and local domains of the cell and therefore interact with locally-generated nitrating reactants. Within the living biological matrix, this could be made more complex due to the distribution kinetics of the tocopherols in membrane structures and the physico-chemical relationships that dictate the relative accessibility of nitrating reagents to target tyrosines as well as tocopherols in hydrophobic and aqueous regions, lipid rafts and caveolae of membranes and biomolecules. [49] [50] [51] It must be remembered, however, that many cellular receptor-mediated and stress sensing functions can be localized to these membrane subdomains and that it is in these localities that many aspects of the cellular response to stress are integrated, particularly in structures harboring NO synthase. 6, 52 Of course this is all dependent on the microenvironment in the cell and localized concentrations of the reactants. Collectively, these location-specific interactions may have had an effect in the present study in regard to the difference in overall effectiveness of the tocopherol formulations to differentially affect protein nitration potential in different subcellular compartments.
Though vitamin E has been used for decades in the animal production industry for everything from combating oxidative stress to increasing the color appeal to consumers and shelf-life of retail meat products, the specified use of concentrated natural oils as specific agents capable of impacting nitrosative stress in cattle has been investigated, for the most part, only by our laboratory. 6, 21 The vast majority of domestic animal applications of tocopherol supplementation in the other mentioned applications were based on the use of a synthetic acetate or succinate form. Furthermore, in many citations in which the plasma or tissue levels of tocopherol were evaluated, it was only the α-isoform measured or reported, to the exclusion of the γ-isoform and thus the present paper constitutes a first report of comparative tocopherol isoforms measured in plasma and liver, as affected by short-term feeding and further impacted by the inflammatory character of LPS challenge. Based on the product lot analysis of each tocopherol oil preparation, the estimated average daily intake/calf of supplemental α-tocopherol was 1200 mg and 260 mg and that of γ-tocopherol was <50 mg and 2300 mg in the α-T and γ-T diets, respectively, levels significantly higher than those calculated to be present in the basal control diet. 22 Our data clearly demonstrate that in the manner in which the tocopherol-containing oils were mixed and added to the diet, short-term feeding was effective in increasing both the plasma and tissue levels of α-or γ-tocopherols. It was interesting to note that in response to LPS challenge, over the 24 h during which the in vivo response was monitored, it was the plasma levels of α-tocopherol that declined whereas liver and plasma levels of γ-tocopherol maintained a more-orless steady level. Though beyond our present scope of study, the data suggest that during active proinflammatory conditions organs like the liver strive to maintain their needed levels of tocopherols and pull these from the peripheral plasma as they are metabolized in responding tissues and cells. Plasma samples obtained prior to LPS challenge indicated that the short-term feeding of supplemental α-tocopherol enriched oil did not significantly alter circulating concentrations of γ-tocopherol in calves, in contrast to the decrease in both γ-and δ-tocopherols noted by Huang and Appel in studies where α-tocopherol (acetate) was taken by human test subjects for two months as a supplement to their diet. 53 Our data suggest that the short duration of increased α-tocopherol supplementation was sufficient to promote a beneficial effect towards thwarting acute onset proinflammatory nitration in general but without impact on γ-tocopherol concentrations in calves. Although the tissue ratio of α-to γ-isoforms changed as a function of respective diet, these ratios did not change between the before and post-LPS samples.
Administration of LPS was effective in inciting a proinflammatory response as assessed by several criteria: plasma concentrations of TNF-α and NOx and liver content of nitrated proteins increased, as expected. What was not expected was that the TNF-α responses were not different between dietary treatment groups while the NOx response was differentially affected by supplement treatment with the tocopherol treatments presenting lower responses compared to animals fed the control diet. We consider this evidence consistent with previous suggestions from our lab that the proinflammatory cascade can be effectively modulated past the point of toll-like receptor 4 (TLR4)/TNF-α activation. 6, 52 In another experimental model we have observed a similar divergence in NOx response to LPS wherein, namely, the effects of estrogen and progesterone had modulatory impacts on NOx generation down-stream from proinflammatory cytokine responses. 27 Similarly, the impact of the tocopherols supplied in the diets on the generalized and specific protein nitrations appear to be a function of which isoforms were predominant in the diet. These findings have bearing in regard to how one might interpret the data. Our laboratory's view is that the capacity to respond to a proinflammatory challenge is as a reflection of how well balanced cellular homeostasis is in light of impinging and sensed (in the endoplasmic and mitochondria) disturbances to a cell's well-being. This idea is exemplified by the overarching and conserved mechanisms that are effected within the unfolded protein response across such stresses as heat, bacterial toxin, heavy metals, anoxia, etc., and how large the insult is. [53] [54] [55] In consideration of the NOx and SAA data as biomarkers for the magnitude of stress impact, the overall effect of the tocopherols should be viewed as having had a beneficial effect on complex stress response where the first level of stress was associated with the pre-LPS cannulation and biopsy procedure the day before and then combined with the intended LPS challenge. In regard to the observed mitigating effects of the different tocopherol matricies on nitration when administered in advance of exposure to the proinflammatory challenge, two factors may have contributed to the beneficial outcome. First, the data are consistent with the concept that the increased cellular content of tocopherols improved the red-ox capacity of the cells resulting in a lower production of NOx and superoxide anion mediators, which further resulted in lower levels of ONOO -being generated. Second, when ONOOwas generated, the presence of the elevated tissue levels of γ-tocopherol in particular (any by inference δ-tocopherol) were influential in decreasing further tyrosine nitrations which were injurious to cells. This heightened capacity for γ-tocopherol to downregulate injurious tyrosine nitrations was also noted previously. 46 An interesting feature of the present findings was that a) mitochondria appear to respond to the applied low-level proinflammatory challenge with increases in Complex V content. This could be interpreted as a compensatory mitochondrial action (mitogenesis) in response to the imposition of a metabolic stress proportional to the body's need to maintain, generate, and partition sufficient ATP for metabolic and survival purposes. 6, 56 The fact that the increases in F1F0-ATP-synthase α-subunit as a measure of Complex V after LPS were lower in tocopherol-based diets, again, is consistent with the concept that the tocopherol matrix within the liver created an environment favorable to survival of the applied low-level proinflammatory state resulting in a lower stimulus (or need) to generate larger amounts of ATP. In contrast, however, the magnitude of effect of the two different tocopherol matricies to negate the intensity of mitochondrial protein nitration as estimated by the nitration signals generated by proximity ligation assay using antibodies to nitrotyrosine and F1F0-ATP-synthase α-subunit, suggest that the tocopherols decrease mitochondrial nitration and those oils rich in γ-and δ-tocopherol are more effective in mitigating this specific nitration. Using direct tetranitromethane-mediated reactions, Fujisawa et al. 57 demonstrated that as few as two nitration events occurring in the F1F0-ATP-synthase β-subunit at tyrosine residues 345 and 368 were sufficient for ATPsynthase activity loss. 57 Associated with this, Haynes et al. 58 indicated that these nitrations were naturally present in mitochondria from aged rats with mitochondrial energy impairments. Wherein they argued that a significant impact on the nitratability of the selected tyrosine(s) was the degree to which the molecules were bound with ADP and Mg ++ where the bound residues had a lower nitration potential because of a localized charge hindrance that repelled ONOO -. That data supports and is consistent with that of the present paper even though our data was derived from an antibody to the α-subunit. In fact, as an exercise to complement the present experiment, when we applied Fletcher-Reeves molecular mechanics gradients (via Hyper-Protein® 1.0, HyperCube, Inc., Gainesville, FL USA) to peptides simulating the nitrated and nonnitrated tyrosine residues in the α-subunit complementary to the tyrosine 345 of the β-subunit ADP binding pocket, 59 the resulting difference in energy in the localized minima indicated that once nitrated, the charge state of any tyrosines in the ADP/Mg ++ binding pocket was unfavorable to ADP binding; hence, the apparent termination of ATP formation. This proposed impact is supported by data indicating the complexity of dynamics in the reactions leading to the nitration of tyrosine by ONOOin fluctuating oxidative and hypoxic states coupled with the reaction kinetics of ONOOwith tyrosine which are faster than the kinetics describing mitochondrial ATP-Pi exchange. 60, 61 In regard to the physical distance characteristics of the proximity ligation assay used, antigen bridging will occur across regions separated by 40 nm or less. 30 Therefore, the physical determinants (i.e., size and pixel density) of a mitochondrial protein nitration event will reflect not only intramolecular nitrations (a nitration in the same peptide) but also nitration events between interacting peptides of a protein complex or (as with the case with stressed mitochondria) as reflected in very large nitration events present in aggregated and clumped damaged proteins. 52, 55, 58 For example, Complex V is a multimer of several peptide chains where the fundamental structural component of the rotor-stator mechanism that directs the attachment of phosphate to ADP to form ATP, can be localized to a pocket formed within the folds of the interacting α-and β-subunits of the F1F0 ATP-synthase. For each heteromer of Complex V there are 3 α-chains and 3 β-subunit chains containing 28 tyrosines between each paired α-β subunit complex 58 cgi?uid=78135], we estimated that only a fraction of these tyrosine residues actually fit the amino acid sequence motif and hydrophobic and hydrophilic membrane location requirements necessary for nitration. 6, 16, 19, 52 However, where they do met criteria, substitutions of a nitrate moiety into the 3'-positions of the affected tyrosines causes significant destabilization of hydrogen bonding and generates stress on the molecule resulting in deformation around the associated α-helix (data not presented). In fact two of the most critical residues needed for proper functioning of the catalytic and noncatalytic binding of ADP, phosphate, and Mg ++ reside in a specific fold of the α-β interaction and when nitration occurs in this epitope, the ATP generating capacity of the complex is lost. 57 Further information indicates that the functional complex in vivo exists minimally as a dimer and in most cases a multimeric supercomplex and it might be inferred that with cell-stress response mediated aggregation of these as well as the chance that other electron transport chain nitrations falling under the 40 nm umbrella of signal detection, 62 the potential for large high density mitochondrial protein nitrations increases geometrically and this is what is reflected in the proximity ligation assay data. Furthermore, our data suggest that the capacity for the tocopherols to mitigate much of this aberrant mitochondrial nitration and the effect of the γ-/δ-tocopherol supplementation in particular, reflects the inherent beneficial effect towards disrupting this stress pathway in mitochondria. Data are still sorely needed to better understand the subcellular partitioning of tocopherols into structures like the mitochondria. Collectively, the data herein suggest that feeding of tocopherol-enriched oils, especially oils enriched in γ-and δ-isoforms, can impact acutely the generation of liver protein tyrosine nitration when fed in advance of a proinflammatory challenge and as such may be a useful adjunct in situations where prevention or intervention in aberrant protein nitration is considered a positive goal towards improved outcome from proinflammatory immune challenges.
